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Abstract
Background: In the accompanying paper by Virginie Rouillon and myself, our demonstration that
homogenisation by gene conversion occurs readily among MHC class I genes was made possible
because of the exceptional conservation of the CD94L locus between divergent species of separate
taxa, suggesting that the molecules of this family are endowed with very important and well
preserved biological functions. These results lead me to elaborate various hypotheses on several
aspects of MHC evolution.
Hypotheses: In a first part, I propose a highly hypothetical scenario of MHC evolution that could
explain how modern day CD94L molecules can have so many diverse and well preserved biological
functions. Next, I propose that MHC class I molecules evolve more rapidly and exuberantly than
class II molecules because the former are subjected to more direct selective pressures, in particular
from viruses. Third, I suggest that concerted evolution, by increasing inter-genic homogeneity
would in turn favour further inter-allelic and inter-loci exchanges, hence resulting in a more
evolvable MHC. As a fourth and last point, I propose that the high GC content of sequences coding
for classical class I molecules could be a consequence of biased gene conversion.
Testing of these various hypotheses should occur naturally over the coming years, with the
ever increasing availability of more sequences related to MHC class I genes from various organisms.
Ultimately, a better understanding of how MHC molecules evolve may help to decipher where and
how our adaptive immune system arose, and keeps evolving in the face of the permanent challenge
of infectious organisms.
Reviewers: This article was reviewed by Stephan Beck, Lutz Walter and Pierre Pontarotti.
Open peer review
Reviewed by Stephan Beck, Lutz Walter and Pierre Pon-
tarotti.
For the full reviews, please go to the Reviewers' comments
section.
What place do modern day CD94L molecules 
occupy in the history of MHC evolution?
HLA-E and/or H-2Qa1 fulfil many other roles besides that
of presenting the leader peptides of class Ia molecules to
NK cells. They present leader peptides derived from
Hsp60 heat shock proteins of self or bacterial origin [1] to
cytotoxic T cells [2]. This presentation of leader peptides
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from Hsps to NK cells has also been proposed to play a
role in stress surveillance [3]. HLA-E also presents pep-
tides derived from viruses [4] or bacteria [5] to CD8+ cyto-
toxic T cells and to NKT cells [6], and H-2Qa1 aids the
resistance of mice to Salmonella infection by presenting
antigens to γδ T cells [7] and regulates the activity of CD8
regulatory T cells [8]. The capacity of CD94L molecules to
fulfil so many functions suggests that they have probably
been around for a very long time. Yet, despite the daily
increase in availability of additional sequences from vari-
ous species, we have failed to identify clear homologues of
the modern day CD94L found in rodents and primates in
animals from other orders, including in the complete dog
genome. This would tend to suggest that an ancestral
CD94L molecule arose in a rodent-primate ancestor that
lived after the divergence of the Euarchontoglires (a clade
that includes primates and rodents) from the laurasiathe-
ria (comprising carnivores, ongulate herbivores and
bats)[18].
Here, I would like to present a highly hypothetical sce-
nario of MHC evolution that could explain how the
CD94L molecules found in rodents and mammals today
are endowed with so many diverse functions. This sce-
nario is based on the recent discovery of a molecule
related to CD94 in a urochordate, [9], which lends sup-
port to the view that some sort of NK cells (with their
receptors) existed before adaptive lymphocytes.
Around 800 million years ago, there lived the ancestor of
urochordates (sea squirts), and cephalochordates
(Amphioxus, or lancelets, small eel-like sea-dwelling life
forms with an unsegmented backbone). In its turn, 50
million years later, the ancestor of vertebrate fish would
evolve from the ancestor of cephalochordates. In this uro-
chordate-cephalochordate ancestor, I propose that the
ancestor of MHC molecules presented hydrophobic pep-
tides (including leader peptides of self and non-self ori-
gin) to an ancestral CD94 receptor, with a role in stress
and/or danger detection. Consistent with this, Flajnik et
al. have previously proposed that ancestral MHC mole-
cule(s) derived from heat shock proteins (Hsp) [10],
which have particularly high affinities for hydrophobic
peptides. Although the proposal by Flajnik et al. was
based on tenuous sequence homologies, and later eluci-
dation of an Hsp crystal structure [11] revealed that Hsps
and MHC molecules bind to peptides in very different
fashions, this type of hypothesis remains interesting, if
only because Hsps do behave as danger signals when they
are released in the extracellular milieu, in line with a
recent hypothesis regarding the hydrophobic nature of
danger signals [12].
Vertebrates arose around 750 million years ago, in the
form of jawless fish, of which lampreys and hagfishes are
modern day representatives. The discovery of an invaria-
ble TCR-like molecule in sea lamprey suggests that this
type of molecule had already evolved by then [13]. The
ligand(s) of this prototypic TCR has yet to be identified,
and it will also be particularly interesting to find out if
jawless fish express CD94-like receptor molecules. For our
imagined scenario, I envisage that the ancestors of MHC
molecules started presenting hydrophobic peptides to a
TCR-like protein and to the CD94-like invariable recep-
tors as part of an innate immune system geared at detect-
ing stress and/or danger.
Lampreys have recently been shown to possess an adap-
tive immune system [14,15]. The variable receptors
expressed by lamprey lymphocytes are, however, not
related to TCRs or to any other members of the immu-
noglobulin superfamily, but are based on somatic
genomic recombinations of fragments coding for leucine-
rich repeats. The appearance of a segmented spinal chord
apparently correlated somehow with a much-increased
need for an adaptive immune system, and the striking
dichotomy between the adaptive immune system of jaw-
less and jawed vertebrates provides a very good example
of what I would call convergent evolution, i.e. the devel-
opment of similar functions through two clearly inde-
pendent evolutionary pathways. Another good example
of convergent evolution is the acquisition of flight in bats,
birds and butterflies.
Jawed vertebrates appeared around 500 million years ago
and, with them, the complete adaptive immune system
that can be found in all gnathostomes from mammals to
cartilaginous fish (sharks). One of the more challenging
current enigmas for evolutionary immunogeneticists is to
understand this evolutionary leap which took place in the
ancestor of jawed vertebrates and led to an adaptive
immune system complete with recombination-activating
genes (RAG), immunoglobulins, hypervariable TCRs, and
their functional partners, the MHC class I and class II mol-
ecules [16,17]. It is interesting to note that en bloc genome
duplications apparently occurred both between proto-
chordates and vertebrates, and also between jawless and
jawed vertebrates [16]. I envisage that, in ancestral jawed
fish, as TCRs became variable because of newly evolved
RAG genes, their ancestral function to detect danger sig-
nals could have quickly evolved towards the recognition
of ligands more diverse than hydrophobic peptides pre-
sented by proteins related to heat shock proteins. To
favour the diversification of the antigens presented, com-
bining a hydrophobic peptide binding site to an immu-
noglobulin domain (the α3 domain) would have resulted
in the structure found today in MHC class I molecules.
MHC molecules encoded by individual loci derived from
duplication would then have become available to co-Biology Direct 2006, 1:3 http://www.biology-direct.com/content/1/1/3
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evolve with certain lymphocytes' receptors, most probably
various forms of γδ TCRs. The subsequent appearance of
αβ TCRs gave rise to a further diversity of receptors,
matched by the appearance of MHC class Ia molecules,
with two levels of diversity: degenerate binding motifs,
and heterogeneity in the population.
Much later, in a rodent-primate ancestor that lived after
the divergence of the Euarchontoglires, a new function
arose in NK cells to ensure the maintenance of expression
of MHC class Ia molecules via presentation of their leader
peptides by CD94L molecules. This was achieved by virtue
of a heterodimeric receptor combining the capacity of
CD94 to detect hydrophobic peptides, and that of NKG2
molecules to bind certain MHC molecules expressed
when cellular stress levels rise [19]. This binding function
of CD94-NKG2 heterodimeric receptors to an MHC class
Ib molecule presenting the class Ia leader peptides must
represent a sufficient selective advantage to have been
conserved over the 90 million years since the rodent/pri-
mate split. Form this, I would predict that CD94L mole-
cules are likely to be identified in lagomorphs and lemurs
since these two taxa split respectively from rodents and
from other primates after the primate-rodent separation
[18].
The elaborate process by which NK cells survey whether or
not cells express the leader peptides of MHC class Ia mol-
ecules is quite amazing from an evolutionary point of
view. The sequence of events described above explains
how this could have arisen by small incremental evolu-
tionary steps, in true Darwinian fashion [20]. In addition,
this scenario would explain how modern day CD94L mol-
ecules come to have so many diverse functions, most of
them related to those of ancestral MHC molecules pre-
senting hydrophobic, danger-related peptides, from
which they would be direct descendants.
Why do MHC class I molecules evolve faster 
than class II ?
A general observation from comparing MHCs from differ-
ent species is that the evolution of MHC class I molecules
is much more rapid and exuberant than that of their class
II counterparts. This is relatively easy to reconcile with the
concept that MHC evolution is mostly driven by pressures
imposed by infectious pathogens such as rapidly evolving
viruses. Indeed, if a mutated virus acquires that capacity to
evade or block MHC class I antigen presentation, the
progeny of that virus will have an immediate advantage
over the viruses infecting the adjacent cells. If the evasion
mechanism concerns class II presentation, however, viri-
ons arising will still carry epitopes for TCR recognition by
CTLs, and antigen presentation and local inflammation
will still be taking place because the infection with unmu-
tated viruses will still be happening in adjacent cells. The
advantage of mutated pathogens having acquired the
means to evade class II presentation will therefore only
become effective if and when they reach new sites of infec-
tion, either in a separate host, or possibly at a separate site
of the same host. It is therefore of no surprise that the vast
majority of viral genes that can block antigen presentation
target the class I pathway [21,22]. The direct consequence
of this is that MHC class I molecules must be subjected to
very intense selective pressures, which can in turn explain
why they evolve faster than MHC class II molecules, and,
for that matter, much faster than any other genes in the
vertebrate kingdom.
Concerted evolution, genomic organisation and 
evolvable MHCs
In our accompanying paper, we have shown that gene
homogenisation, through repeated events of gene conver-
sion, can contribute significantly to the relatedness of sep-
arate MHC class I loci within species, and we have
proposed that this may favour the co-evolution of MHC
class I molecules and of other protein involved in antigen
presentation. Here, I would like to propose that, in a
roundabout kind of way, the MHC region could have
evolved to promote the evolvability of the genes within it,
by favouring frequent interallelic and intergenic gene con-
version. This concept of 'evolvability' as a selectable trait
has recently been validated mathematically by Earl and
Deem [23].
The two main factors that favour the occurrence of gene
conversion between two sequences are their genomic
proximity [24], and their degree of sequence homology. If
we consider that the evolvability of MHC molecules could
represent a selective advantage at the population level, we
then see that carrying a set of genes that are prone to
undergo gene conversion with one another could provide
such an advantage to a given species. In most vertebrates,
virtually all genes coding for MHC molecules are found
within this one region defined as the MHC. The raison
d'être of this situation may be to promote the occurrence
of inter-genic gene conversion, thereby providing a set of
genes that are particularly prone to evolve under the selec-
tive pressures imposed by pathogens.
For certain MHC molecules presenting invariable anti-
gens, however, the tendency of the loci within the MHC to
undergo frequent gene conversion with their neighbours
could be disadvantageous. For example, CD1 molecules,
which present invariable lipid antigens, are encoded out-
side the MHC in mammals, but within the MHC in
chicken [25,26]. This suggests that CD1 genes may have
initially been within the MHC, but that in Mammals, the
CD1 loci may have 'moved out' of the MHC so as not to
undergo concerted evolution with their MHC-encoded
counterparts. If this scenario turns out to be true, it wouldBiology Direct 2006, 1:3 http://www.biology-direct.com/content/1/1/3
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bring strong support to the view that concerted evolution
of sequences within the MHC contribute very actively to
the shaping of MHC molecules. There are, however, at
least two other possible scenarios to explain this differ-
ence found in the location of CD1 genes outside the MHC
in mammals and close to it in chicken. First, as suggested
by large scale analyses of whole genomic regions, the
MHC and the region carrying the CD1 loci (1q21-q25)
may have arisen via whole chromosomal duplications
[16,27]. If this were the case, the finding of the CD1 loci
within the chicken MHC suggests that those would have
later been rejoined with their classical counterparts. Yet
another possibility (suggested by Jim Kaufman) is that
both types of loci could have existed in the ancestral
MHC, but that, after duplication of the whole region, CD1
and classical MHC loci were conserved on the same chro-
mosome in the lineage leading to chickens, but individu-
ally on the two separate chromosomes in the lineage
leading to mammals. Regarding these various hypotheses,
it will be interesting to find out if CD1 loci are also adja-
cent to MHC class I loci in other bird species, and to look
for signs of concerted evolution between the MHC class I
and CD1 loci in chicken and in other bird lineages.
As mentioned earlier, the occurrence of gene conversion
between two DNA sequences also depends greatly on their
degree of similarity. By ensuring the maintenance of a
high degree of sequence homology between the various
MHC loci within the region, frequent intergenic gene con-
version would favour the occurrence of further conversion
events, thereby conferring a selective advantage in terms
of evolvability of MHC genes without needing a direct
selective advantage in terms of expressed proteins. This
could explain the existence and maintenance of so many
pseudogenes sequences within most mammalian MHC
regions, and the intra-locus homogenisation reported for
introns of the HLA-A locus [28]. A rapid comparison of
the HLA-E introns found them to be much more closely
related to those of HLA-A than to those of H2-Qa1 and
RT-BM1 (data not shown). This observation can be seen
as further evidence for the extensive occurrence of inter-
genic homogenisation within the MHC, even outside of
the coding regions.
Selection for high evolvability probably contributes sig-
nificantly to the shaping of the MHC region, perhaps even
as much as pathogen-driven evolution. The maintenance
of pseudogene sequences, and of a certain homogeneity of
the coding and non-coding sequences are both factors
that would favour evolvability, and this dimension cer-
tainly adds to the complexity of MHC evolution. The over-
all picture we come to from the above discussion is one of
balance between homogeneity and heterogeneity among
the sequences of MHC molecules, with this balance being
tuned towards evolvability.
GC content as a stigma of frequent gene 
conversion events
As a last point of discussion, I would like to offer a poten-
tial explanation for the long standing observation that the
genes coding for MHC molecules have very high GC con-
tents, especially the sequences coding for the PBR residues
of class Ia molecules [29]. According to recent reports, the
direction of gene conversion is naturally biased to favour
the maintenance of GC rich sequences. This bias has been
proposed to counter the natural tendency of cytosine res-
idues to mutate spontaneously into thymidine [30,31].
Biased gene conversion, which explains the high GC con-
tent of the histone and rRNA genes [30,31], may also be
relevant to many other multigene families in mammals,
such as insulin-like growth factors [32], polyubiquitins
[33], early growth response proteins, EGR [34], protocad-
herins [35], Hsp70s [36] and olfactory receptors [37], as
well as for certain amylase genes in Drosophila [38], and
the genes of certain plant enzymes [39]. Finally, biased
gene conversion towards GC has recently been proposed
to play a role in the evolution of sex [40].
In the genes coding for MHC molecules, and particularly
those coding for class Ia molecules, the functional new
alleles resulting from events of gene conversion will be
selected for by the constant pressure of pathogens, and
this process could therefore account for their high GC
content.
Conclusion
"By selecting for ever- more-devious parasites, the immune sys-
tem is the cause of its own necessity." Stephen Hedrick, 2004.
In a very nice and thought-provoking essay [41], Stephen
Hedrick thus summarised his views that our immune sys-
tem is far from providing an ultimate and perfect answer
to the permanent challenge of infectious pathogens.
Rather, he pictured the adaptive immune system as a
costly and imperfect, yet indispensable, system that can
never win the race against the replicative and adaptive
powers of micro-organisms.
In the ancestral life forms that gave rise to all vertebrates,
an adaptive immune system must, however, have con-
ferred such a significant selective advantage that nature
came up twice independently with adaptive ways to coun-
ter the capacity of infectious pathogens to evolve at strik-
ing speed. On the one hand, in the ancestor of jawless
fish, an adaptive immune system arose that was based on
variable lymphocyte receptors generated by somatic
recombination of modules coding for leucine rich repeats
[15]. On the other hand, in the ancestors to all jawed ver-
tebrates, evolution quite rapidly gave rise to a 'canonical'
adaptive immune system, complete with rag genes, T cells,Biology Direct 2006, 1:3 http://www.biology-direct.com/content/1/1/3
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B cells and an MHC region coding for both Class I and
class II molecules. From what has been discussed above,
we can envisage that this adaptive character of our
immune system may not only have been selected to pro-
vide individuals with adaptive responses based on
somatic mutations. Rather, in a further elaboration, the
genomic proximity of MHC genes within the MHC region
may be providing the means for a more evolvable MHC,
resulting in an adaptibility of the genes that would not be
immediately beneficial for individuals, but would be
advantageous for species, at the level of whole popula-
tions.
Reviewers' comments
Reviewer's report 1
Stephan Beck
In their manuscript Joly and Rouillon report new evidence
for the hypothesis that MHC class I genes undergo con-
certed evolution through gene conversion (e.g. non-
homologous recombination). In support, they analysed 8
classical class I genes (termed class Ia) and 8 non-classical
class I genes (termed class Ib) from primates and rodents
with focus on three class Ib genes to which they refer to as
CD94L family (human HLA-E, mouse H2-Qa1 and rat RT-
BM1). The results are comprehensively discussed within
the context of various relevant hypotheses, which adds a
review-like flavour and greatly enhances the appeal of the
manuscript.
Although some conclusions (and assumptions) are better
supported than others, I only take issue with one particu-
lar point. Based on evidence I do not agree with, the
authors assume the above mentioned CD94L family
genes to represent orthologues and their many respective
paralogues are not considered in subsequent analyses
which may have affected some of the conclusions.
Author response: Following this comment, and a suggestion
made by Pierre Pontarotti on the phone, I have now modified
the manuscript to remove the statement about 'the clear orthol-
ogous relationship of CD94L molecules within the primate or
the rodent orders'. This is now replaced by 'There is very little
room for doubt that all four primate CD94L genes descend
from a common ancestral gene, and similarly for all four rodent
CD94L genes'.
On page 12, for instance, the authors conclude that at
least the alpha 3 domains of the CD94L genes have all
undergone intra-species concerted evolution with their
respective class Ia molecules but not one of the 22 inform-
ative positions is shared across species as one would
expect for orthologues. The logic conclusion would have
to be that gene conversion did not occur in the ancestral
(e.g. pre 80 mya) CD94L genes studied here. This is
unlikely, as gene conversion has been demonstrated to be
a general mechanism clearly predating the species studied
here.
Author response: Thanks to the process of 'open refereeing',
I have been able to discuss this point with Stephan over the
phone directly. His comment sprouted from some slight misun-
derstanding, which has now been lifted.
The additional section (appended to main manuscript)
does not really constitute a separate manuscript but adds
further interesting points to the discussion and the key
points could be summarized and included in the main
manuscript.
Author response: The solution to this has been to remove a
sizeable portion of the discussion and to provide it as a clearly
separate manuscript.
The paper itself now focuses on the demonstration that HLA-E
and Qa1 are orthologues. It is now much shorter, easier to read,
and the message is, I hope, much clearer.
The accompanying paper is now clearly labelled as 'hypothesis',
and I have used it to regroup 4 topics of discussion touching on
different aspects of MHC evolution that derive from the results
obtained in the paper itself, but are not directly related to these
results.
Reviewer's report 2
Lutz Walter
In this paper, Joly and Rouillon compare major histocom-
patibility complex (MHC) class I genes derived from
human, non-human primates, and rodents. Based on
multiple sequence alignments and phylogenetic tree
reconstructions, the authors conclude that the MHC class
I genes in these species are subject to concerted evolution
by means of gene conversion.
One main point of criticism refers to the fact that not all
known MHC class I genes of the species studied here are
compared, and only a small extract from the full reper-
toire of class I genes was chosen for comparison. This may
bias the interpretation of data. In this respect, it might be
useful to concentrate on one or two species, e.g. the 'class
I-rich species, mouse, rat, or rhesus monkey. In its current
form, the paper contains data from a single mouse haplo-
type, but from several rat haplotypes. Thus, the data set
should also be updated to allow the study of both inter-
and intralocus gene conversion.
Author response: One of the main challenges we faced when
we started to do the work that would allow us to write this paper
was not in terms of "How many sequences for MHC class I mol-
ecules can we collect and align ?". It was, in fact, exactly the
reverse, i.e. :" With how few sequences can we proceed to dem-Biology Direct 2006, 1:3 http://www.biology-direct.com/content/1/1/3
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onstrate, beyond reasonable doubt, that MHC class I loci do
undergo concerted evolution ?" All the figures presented in the
paper were obtained from the one alignment we settled for in
the end. Changing just one sequence in the list would require
performing the whole study all over again, which would repre-
sent several weeks of tenuous work.
Although our observations lead us to discuss many aspects
related to MHC evolution, evaluating the frequency of inter
and intra-locus conversion events was not within the remit of
this study. Regarding the choice of MHC sequences from sev-
eral rat MHC haplotypes, and from a single mouse haplotype,
we do not see why this should have any relevance to the type of
work we have done, and to the conclusions we reach. Outside
of particular situation where genes can co-evolve because they
are closely linked (such as RT1-A and TAP), MHC haplotypes
are, after all, relatively artificial sets of genes that happened to
find themselves on the same chromosomal strand when inbred
strains were generated.
Starting with many more sequences, we would have faced the
following problems:
1) The alignment showed on Figure 1, which was used to gen-
erate the trees, could not have been provided within the manu-
script. We also find that the clarity of figures containing trees
degrades rapidly when these trees have too many branches.
2) The computer time required for calculation of the trees and
of the ds/dn values grows exponentially with the number of
sequences, and the time spent generating the alignments and
the figures is also dependent on the number of sequences
included.
3) For the precise question we wanted to address, the only class
Ib loci that were informative were those identified in at least
two species. We also felt that it was best to restrict our analysis
to those molecules for which a function had clearly been docu-
mented, and which had the same number of amino-acids as
class Ia sequences (to avoid gaps in the alignment). When we
embarked on this work, the only class Ib loci fulfilling these cri-
teria were the CD94L and the murine M3 molecules. As far as
we know, this is still true today.
page 16: the sister grouping of M3 and CD94L genes is
due to a limited data set (see above) and does not reflect
true phylogenetic relationship (and is not supported by
bootstrapping). Furthermore, it contradicts data by Hurt
et al. (2004) who studied the phylogenetic relationship of
all rat and mouse class I genes;
Author response: We are in complete agreement with the
statement that the grouping of M3 and CD94L does not neces-
sarily reflect phylogenetic relationship, and this despite a boot-
strapping value of 63% (with the methods used for these
comparisons, values above 60% are usually considered signifi-
cant, and this is specified several times in the paper). Two alter-
native interpretations relating to this were (and still are)
proposed in the manuscript. We actually pointed to this feature
of the tree to underline our point of view that extreme caution
must be exerted when carrying out phylogenetic analyses of
members of multigene families that undergo extensive inter-
genic exchanges.
page 16 and more: it is not obvious why the authors intro-
duce a new abbreviation for 'residues outside the antigen
recognition site (ROARS)' and do not use the widely
accepted 'non-PBR';
Author response: We chose to use ROARS because we think
it sounds better than 'non-PBR', and also because not all class
I molecules present peptides.
page 17, second paragraph: the authors should explain
how homogenisation can be afforded in non-PBRs, partic-
ularly at those sites where PBRs and non-PBRs alternate. Is
the degree of homology between the two sequences high
enough to allow gene conversion to take place?
Author response: What we witness here are signs that are
very evocative of intra-species homogenisation, and gene con-
version seems to be the most likely mechanism to explain this.
We have no way of knowing when these events took place, and
between what sequences (for example, some other genes, or
pseudogenes, could have served as relay between certain
sequences). Furthermore, although gene conversion is clearly
favoured between homologous sequences, we are not aware of
data documenting the minimal length of homologous sequences
required for gene conversion to take place. Outside of the fact
that this question seems to be way beyond the scope of our study,
we therefore would have no way of addressing this question.
I would not recommend adding of the additional section
into the manuscript, as the manuscript might become
'unreadable'. However, certain aspects of this "additional"
discussion section might be included in the manuscript.
Nevertheless, I would strongly recommend considerable
shortening of the manuscript.
In my opinion, this paper should be published, but
should be regarded as a 'hypothesis paper' as it contains
many assumptions, which were not proven by experimen-
tal evidence, and it contains many review-like sections.
Author response: As explained above, we have managed to
comply to these slightly contradictory recommendations (i.e.
including more points but shortening overall) by splitting the
paper in two: One 'real' paper with the results, and one hypoth-
esis paper.Biology Direct 2006, 1:3 http://www.biology-direct.com/content/1/1/3
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Reviewer's report 3
Pierre Pontarotti
This article hypothesizes that the Peptide Binding Region
of the mouse, rat and human Class I b, that presents the
leader peptide from the Class I a molecules to natural
killer cells, evolved from a common ancestor while the
non PBR part evolved via gene conversion.
The arguments are based upon phylogenic analysis and
upon the conserved location of these MHC class I b genes.
This contrasts with another hypothesis: the MHC class I
genes are lineage specific, they come from a common
ancestor which is different in the human and mouse line-
age, (in other word class I gene from mouse and human
are paralogues), and HLA E and H2Qa1 PBR evolved via
convergent evolution...
In order to strengthen their hypothesis the authors should
screen other mammalian lineages using ensembl data
bases since some sequences of ensembl data base are not
obligatory present in NCBI NR, especially those from
canis, loxodanta, bos Taurus, canis Familirais and mono-
delphis (even if this species is out side of the eutherian
group). If an "HLAE like" PBR orthologue is found in all
these groups, the author hypothesis will be stronger sup-
ported.
Author response: We would indeed have been very interested
to identify MHC class I molecules with CD94L-like PBR out-
side of the rodent and primate genera. As was already indicated
in the result section entitled "Certain residues are CD94L-spe-
cific, and others are homogenised within species" (on page 10
of the current manuscript), we have repeatedly tried to identify
such molecules via several approaches in all the online data-
bases available to us, and, as of 20 Dec 2005, we have not suc-
ceeded so far.
Second if the conversion of the non PBR HLA E like gene
is an ongoing process, this could be seen at higher taxo-
nomic level, for example at primate level by comparing
human chimp and macaque MHC class I genes: more
homogenization should be seen outside the "HLA E like"
PBR than within the PBR.
Author response: This is indeed exactly what we see, and this
is discussed on page 18 of the manuscript (Comparison of this
tree...... low support values).
Other comments:
Concerning the sentence page 14 L 11: Among the classI B
...years ago. I do not understand why the results confirm
that CD94L molecules are much more evolutionary con-
served than Class I a molecules.
Author response: This was indeed confusing, and I have tried
to clarify this point by writing the following sentence:
"The fact that the comparison of primate sequences strongly
suggests that the four CD94L are orthologues, whereas this is
much less clear for the corresponding class Ia sequences con-
firms previous reports that primate
Acknowledgements
Many thanks to Carol Featherstone, Nicolas Galtier, Denis Hudrisier, 
Philippe Le Bouteiller, Jim Kaufman, and John Trowsdale for careful reading 
of the manuscript and to Stephan Beck, Pierre Pontarotti and Lutz Walter 
for their time and dedication in their work as referees for this manuscript. 
Etienne Joly is employed and funded by INSERM.
References
1. Michaelsson J, Teixeira de Matos C, Achour A, Lanier LL, Karre K,
Soderstrom K: A signal peptide derived from hsp60 binds
HLA-E and interferes with CD94/NKG2A recognition.  J Exp
Med 2002, 196(11):1403-1414.
2. Lo WF, Woods AS, DeCloux A, Cotter RJ, Metcalf ES, Soloski MJ:
Molecular mimicry mediated by MHC class Ib molecules
after infection with gram-negative pathogens.  Nat Med 2000,
6(2):215-218.
3. Gleimer M, Parham P: Stress management: MHC class I and
class I-like molecules as reporters of cellular stress.  Immunity
2003, 19(4):469-477.
4. Pietra G, Romagnani C, Mazzarino P, Falco M, Millo E, Moretta A,
Moretta L, Mingari MC: HLA-E-restricted recognition of
cytomegalovirus-derived peptides by human CD8+ cytolytic
T lymphocytes.  Proc Natl Acad Sci U S A 2003,
100(19):10896-10901.
5. Salerno-Goncalves R, Fernandez-Vina M, Lewinsohn DM, Sztein MB:
Identification of a Human HLA-E-Restricted CD8+ T Cell
Subset in Volunteers Immunized with Salmonella enterica
Serovar Typhi Strain Ty21a Typhoid Vaccine.  J Immunol 2004,
173(9):5852-5862.
6. Romagnani C, Pietra G, Falco M, Mazzarino P, Moretta L, Mingari MC:
HLA-E-restricted recognition of human cytomegalovirus by
a subset of cytolytic T lymphocytes.  Hum Immunol 2004,
65(5):437-445.
7. Davies A, Lopez-Briones S, Ong H, O'Neil-Marshall C, Lemonnier FA,
Nagaraju K, Metcalf ES, Soloski MJ: Infection-induced expansion
of a MHC Class Ib-dependent intestinal intraepithelial gam-
madelta T cell subset.  J Immunol 2004, 172(11):6828-6837.
8. Hu D, Ikizawa K, Lu L, Sanchirico ME, Shinohara ML, Cantor H: Anal-
ysis of regulatory CD8 T cells in Qa-1-deficient mice.  Nat
Immunol 2004, 5(5):516-523.
9. Springer MS, Murphy WJ, Eizirik E, O'Brien SJ: Placental mammal
diversification and the Cretaceous-Tertiary boundary.  Proc
Natl Acad Sci U S A 2003, 100(3):1056-1061.
10. Khalturin K, Becker M, Rinkevich B, Bosch TC: Urochordates and
the origin of natural killer cells: identification of a CD94/
NKR-P1-related receptor in blood cells of Botryllus.  Proc Natl
Acad Sci U S A 2003, 100(2):622-627.
11. Flajnik MF, Canel C, Kramer J, Kasahara M: Which came first,
MHC class I or class II?  Immunogenetics 1991, 33(5-6):295-300.
12. Zhu X, Zhao X, Burkholder WF, Gragerov A, Ogata CM, Gottesman
ME, Hendrickson WA: Structural analysis of substrate binding
by the molecular chaperone DnaK.  Science 1996,
272(5268):1606-1614.
13. Gallucci S, Matzinger P: Danger signals: SOS to the immune sys-
tem.  Curr Opin Immunol 2001, 13(1):114-119.
14. Pancer Z, Mayer WE, Klein J, Cooper MD: Prototypic T cell
receptor and CD4-like coreceptor are expressed by lym-
phocytes in the agnathan sea lamprey.  Proc Natl Acad Sci U S A
2004, 101(36):13273-13278.
15. Pancer Z, Amemiya CT, Ehrhardt GR, Ceitlin J, Gartland GL, Cooper
MD: Somatic diversification of variable lymphocyte recep-
tors in the agnathan sea lamprey.  Nature 2004,
430(6996):174-180.Publish with BioMed Central    and   every 
scientist can read your work free of charge
"BioMed Central will be the most significant development for 
disseminating the results of biomedical research in our lifetime."
Sir Paul Nurse, Cancer Research UK
Your research papers will be:
available free of charge to the entire biomedical community
peer reviewed and published  immediately upon acceptance
cited in PubMed and archived on PubMed Central 
yours — you keep the copyright
Submit your manuscript here:
http://www.biomedcentral.com/info/publishing_adv.asp
BioMedcentral
Biology Direct 2006, 1:3 http://www.biology-direct.com/content/1/1/3
Page 8 of 8
(page number not for citation purposes)
16. Alder MN, Rogozin IB, Iyer LM, Glazko GV, Cooper MD, Pancer Z:
Diversity and Function of Adaptive Immune Receptors in a
Jawless Vertebrate.  Science 2005, 310(5756):1970-1973.
17. Danchin E, Vitiello V, Vienne A, Richard O, Gouret P, McDermott MF,
Pontarotti P: The major histocompatibility complex origin.
Immunol Rev 2004, 198:216-232.
18. Du Pasquier L: Speculations on the origin of the vertebrate
immune system.  Immunol Lett 2004, 92(1-2):3-9.
19. Bauer S, Groh V, Wu J, Steinle A, Phillips JH, Lanier LL, Spies T: Acti-
vation of NK cells and T cells by NKG2D, a receptor for
stress-inducible MICA.  Science 1999, 285(5428):727-729.
20. Darwin C: On the Origin of Species by Means of Natural
Selection: or the Preservation  of Favoured Races in the
Struggle for Life.  London , John Murray; 1859. 
21. Tortorella D, Gewurz BE, Furman MH, Schust DJ, Ploegh HL: Viral
subversion of the immune system.  Annu Rev Immunol 2000,
18:861-926.
22. Gewurz BE, Gaudet R, Tortorella D, Wang EW, Ploegh HL: Virus
subversion of immunity: a structural perspective.  Curr Opin
Immunol 2001, 13(4):442-450.
23. Earl DJ, Deem MW: Evolvability is a selectable trait.  Proc Natl
Acad Sci U S A 2004, 101(32):11531-11536.
24. Martinsohn JT, Sousa AB, Guethlein LA, Howard JC: The gene con-
version hypothesis of MHC evolution: a review.  Immunogenet-
ics 1999, 50(3-4):168-200.
25. Miller MM, Wang C, Parisini E, Coletta RD, Goto RM, Lee SY, Barral
DC, Townes M, Roura-Mir C, Ford HL, Brenner MB, Dascher CC:
Characterization of two avian MHC-like genes reveals an
ancient origin of the CD1 family.  Proc Natl Acad Sci U S A 2005,
102(24):8674-8679.
26. Salomonsen J, Sorensen MR, Marston DA, Rogers SL, Collen T, van
Hateren A, Smith AL, Beal RK, Skjodt K, Kaufman J: Two CD1 genes
map to the chicken MHC, indicating that CD1 genes are
ancient and likely to have been present in the primordial
MHC.  Proc Natl Acad Sci U S A 2005, 102(24):8668-8673.
27. Kasahara M, Nakaya J, Satta Y, Takahata N: Chromosomal dupli-
cation and the emergence of the adaptive immune system.
Trends Genet 1997, 13(3):90-92.
28. Cereb N, Hughes AL, Yang SY: Locus-specific conservation of
the HLA class I introns by intra-locus homogenization.  Immu-
nogenetics 1997, 47(1):30-36.
29. Hughes AL, Nei M: Evolution of the major histocompatibility
complex: independent origin of nonclassical class I genes in
different groups of mammals.  Mol Biol Evol 1989, 6(6):559-579.
30. Galtier N, Piganeau G, Mouchiroud D, Duret L: GC-content evolu-
tion in mammalian genomes: the biased gene conversion
hypothesis.  Genetics 2001, 159(2):907-911.
31. Galtier N: Gene conversion drives GC content evolution in
mammalian histones.  Trends Genet 2003, 19(2):65-68.
32. Ellsworth DL, Hewett-Emmett D, Li WH: Evolution of base com-
position in the insulin and insulin-like growth factor genes.
Mol Biol Evol 1994, 11(6):875-885.
33. Vrana PB, Wheeler WC: Molecular evolution and phylogenetic
utility of the polyubiquitin locus in mammals and higher ver-
tebrates.  Mol Phylogenet Evol 1996, 6(2):259-269.
34. Skerka C, Abel WO, Zipfel PF: Two human gene families display
preferences for different nucleotides and have distinct codon
usage patterns.  Exp Clin Immunogenet 2000, 17(1):29-41.
35. Noonan JP, Grimwood J, Schmutz J, Dickson M, Myers RM: Gene
conversion and the evolution of protocadherin gene cluster
diversity.  Genome Res 2004, 14(3):354-366.
36. Kudla G, Helwak A, Lipinski L: Gene conversion and GC-content
evolution in mammalian Hsp70.  Molecular Biology and Evolution
2004, 21(7):1438-1444.
37. Sharon D, Glusman G, Pilpel Y, Khen M, Gruetzner F, Haaf T, Lancet
D: Primate evolution of an olfactory receptor cluster: diver-
sification by gene conversion and recent emergence of pseu-
dogenes.  Genomics 1999, 61(1):24-36.
38. Zhang Z, Inomata N, Cariou ML, Da Lage JL, Yamazaki T: Phylogeny
and the evolution of the Amylase multigenes in the Dro-
sophila montium species subgroup.  J Mol Evol 2003,
56(2):121-130.
39. Lepiniec L, Keryer E, Philippe H, Gadal P, Cretin C: Sorghum phos-
phoenolpyruvate carboxylase gene family: structure, func-
tion and molecular evolution.  Plant Mol Biol 1993, 21(3):487-502.
40. Marais G: Biased gene conversion: implications for genome
and sex evolution.  Trends Genet 2003, 19(6):330-338.
41. Hedrick SM: The acquired immune system: a vantage from
beneath.  Immunity 2004, 21(5):607-615.